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The NOD-like receptor (NLR) family pyrin domain containing 6 (NLRPG6) serves
as a sensor for microbial dsRNA or lipoteichoic acid (LTA) in intestinal epithelial
cells (IECs), and initiating multiple pathways including inflammasome pathway
and type I interferon (IFN) pathway, or regulating nuclear factor-kB (NF-kB) and
mitogen-activated protein kinase (MAPK) pathways. NLRP6 can exert its function in
both inflammasome-dependent and inflammasome-independent manners. However,
there is no tool to distinguish the contribution of individual NLRP6-mediated path-
way to the physiology and pathology in vivo. Here, we validated that Arg39 and Trp50
residues in the pyrin domain (PYD) of murine NLRP6 are required for ASC recruit-
ment and inflammasome activation, but are not important for the RNA binding and
PYD-independent NLRP6 oligomerization. We further generated the Nlrp6r32E&W50E
mutant mice, which showed reduced inflammasome activation in either steady state intes-
tine or during viral infection. However, the type I IFN production in cells or intestine
tissue from Nrp6™”*“ "> mutant mice remain normal. Interestingly, NLRP6-mediated
inflammasome activation or the IFN-I production seems to play distinct roles in the
defense responses against different types of RNA viruses. Our work generated a useful
tool to study the inflammasome-dependent role of NLRP6 in vivo, which might help
to understand the complexity of multiple pathways mediated by NLRP6 in response
to the complicated and dynamic environmental cues in the intestine.

NLRP6 | inflammasome | interferon | RNAvirus | R39/W50 mutations

NLRP6, a member of the NLR (nucleotide-oligomerization domain-like receptor) family,
surveys the cytosolic compartment of cells for the detection of pathogen-associated molec-
ular patterns (PAMPs) or damage-associated molecular patterns (DAMDPs) (1, 2). NLRs
exhibit a conserved domain organization, featuring the central nucleotide-binding domain
(NBD), also known as the NACHT domain, the C-terminal leucine-rich repeats (LRRs),
and an N-terminal effector domain [caspase activation and recruitment domain (CARD)
or the pyrin domain (PYD)] (3, 4). In NLRP6, the NACHT domain and LRRs likely
function in oligomerization and ligand binding, and its N-terminal PYD serves as the
effector domain for inflammasome formation and activation.

NLRP6 shows preferential expression in specialized epithelial cells such as enterocytes
and goblet cells within the intestinal tract (5-7). It plays a pivotal role in monitoring the
microbial infection and regulating intestinal homeostasis through the inflammasome
pathway, interferon (IFN) signaling, and regulation of nuclear factor-kB (NF-xB) and
mitogen-activated protein kinase (MAPK) signaling (6-11). Initial observations in
Nirp6™~ mice under steady-state condition and after DSS-induced colitis revealed reduced
inflammasome formation and serum IL-18 levels compared to wild-type (WT) control
mice(6). Biochemical evidence supported this conclusion, showing that co-expression of
NLRP6 and ASC results in caspase-1 activation and IL-18 secretion (9).

Besides the inflammasome pathway, NLRP6 is closely linked to the IFN-I pathway in
response to viral infections (10). NLRP6 engages with the DEAH-box helicase 15 (DHX15),
establishing a viral sensing complex that recognizes cytosolic long double-stranded RNA
(dsRNA) and activates the mitochondrial antiviral signaling protein (MAVS) to induce
interferon and interferon-stimulated genes (ISGs) (10). Our previous research also found
that virus-derived dsRNA promotes NLRP6 liquid-liquid phase separation (LLPS), result-
ing in NLRP6 inflammasome activation (12). Despite serving as a hub with multiple roles
in antiviral responses, the relative contributions of these NLRP6-mdediated pathways
remain unclear.

Recent published cryo-electron microscopy (cryo-EM) structure of NLRP6 showed
the filamentous assembly of NLRP6 pyrin domain, indicating its capability to form
inflammasome machinery (13, 14). Notably, NLRP6"*" can nucleate ASC™*" more easily
than NLRP3™P (14, 15). Additionally, two key amino acid residues (R42/W53) in human
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NLRP6 are crucial for NLRP6"™ filament formation, as con-
firmed through biochemical experiments (14). Here, we validated
the homologs R39/W50 in mouse NLRP6 are essential for
NLRP6 inflammasome activation by recruiting ASC in cells.
Intriguingly, this mutant only interfered with ASC filament for-
mation but did not affect the IFN-I pathway. Meanwhile, we
generated the Nlrp@a PELWSOE 1 itant mice and demonstrated that
both NLRP6-dependent inflammasome activation and IFN-I
production are pivotal components of NLRP6-mediated antivirus
responses.

Results

Residues R39/W50 of NLRP6 Are Crucial for ASC Recruitment. A
typical NLR inflammasome activation involves ligand recognition
and the formation of oligomers through homotypic interactions
with the adaptor Asc and the pro-inflammatory effector protease
caspase-1 (14, 16, 17). To assess the impact of two residues R39/
W50 in mouse NLRP6, we investigated key aspects of NLRP6
inflammasome assembly and the NLRP6-mediated IFN-I pathway
in HEK293T cells (Fig. 1 A and B). Consistent with the previous
report (14), R39/W50 are essential for interacting with ASC and
subsequently ASC polymerization (Fig. 1 C and D). R42/W53
of human NLRP6 are also important for the interaction between
NLRP6 and Asc (SI Appendix, Fig. S1 A and B). However, the
R39E&WS50E mutation had no impact on dsRNA recognition
by NLRP6 (Fig. 1E) or oligomerization (Fig. 1F). Based on the
cryo-EM structure of NLRPG™™ filament, it was speculated
that the assembly of the NLRP6 inflammasome undergoes two
nucleation-induced polymerization steps. First, oligomeric NLRP6
nucleates ASC filaments via homotypic PYD-PYD interactions,
resulting in ASC aggregation. Second, polymerized ASC acts as
a nucleation site for caspase-1 filaments through CARD-CARD
interactions, resulting in the activation of caspase-1 (14). Our
findings demonstrate that the R39E&WS50E mutation effectively
inhibited ASC polymerization by disrupting the PYD-PYD
interaction, underscoring the significance of the R39/W50 sites
in NLRP6 inflammasome assembly. To investigate whether the
R39E&W50E mutation affects the IFN-I pathway triggered by
NLRP6, we examined two crucial partners in NLRP6-dependent
IFN-I signaling, namely DHX15 and MAVS. Interestingly, the
R39E&WS0E mutation had no impact on the interaction with
DHX15 or MAVS (Fig. 1 Gand H). In summary, these data suggest
that R39/W50 of NLRP6 are crucial for ASC recruitment and
polymerization, while not affecting the sensing and oligomerization
of NLRP6 itself, as well as its interaction with DHX15 or MAVS.
NLRP6RIEEWSOE 1y hes Not Support Inflammasome Activation in
Cells. NLRP6 recruits ASC and caspase-1 to form an inflammasome
complex, cleaving IL-18 into their biologically active forms and
GSDMD to induce pyroptosis (3, 18). To determine the downstream
effects of the R39E&WS50E mutation, we examined caspase-1
activation and GSDMD cleavage in a reconstruction system in
HEK293T cells. Notably, NLRPG"***¥>% completely impaired
the cleavages of GSDMD and caspase-1 (Fig. 24 and SI Appendix,
Fig. S24). In consistency, overexpression of NLRPGR?VE&WS0E
resulted in reduced ballooning of the cell membrane, decreased
propidium iodide (PI) influx, and lowered lactate dehydrogenase
(LDH) release compared to WT-NLRP6 (Fig. 2 B-E and
SI Appendix, Fig. S2 B-E). NLRP6 and ASC form puncta in cells
(8,19, 20). Thus, we generated HEK293T cells stably co-expressing
NLRP6-GFP and ASC-mCherry and found that NLRPGR¥VE&WS0E
exhibited markedly reduced NLRP6-ASC puncta formation (Fig. 2
Fand G). In previous studies, we established that immortalized
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mouse bone marrow-derived macrophages (iIBMDMs) stably express
NLRP6, inducing spontaneous activation of the inflammasome and
cell death, providing a valuable model for studying the underlying
mechanisms of NLRP6 inflammasome activation (12). In iBMDM:s
reconstituted with NLRPG™** Y% mutant, we observed that the
mutant could not activate the NLRPG6 inflammasome, as evidenced
by dramatically decreased cleavages of caspase-1 and GSDMD, PI
staining, LDH release, and ballooning morphology (Fig. 2 H-L).
Collectively, these data suggest that NLRPGR?EEWSOE jpdeed cannot
support NLRP6 inflammasome activation, providing a foundation
for subsequent functional studies in mice.

R39/W50 of NLRP6 Are Required for NLRP6 Inflammasome
Activation In Vivo. To test the physiological role of
NLRPGHY% i vivo, we generated mutant mice carrying the
R39E&W50E mutation in N/rp6 by CRISPR knock-in strategy
(Fig. 3A). Consistent with aforementioned observations in vitro,
the expression of NLRP6 in NlrpGR”E&%()E mice was not
affected and the R39E&W50E mutation did not affect NLRP6
oligomerization (Fig. 3B). Next, we detected the downstream
effects of the NLRPG6 inflammasome in the intestines of
Nirp6™*5 V5% Nirp6™~, and WT mice. The intestinal explants
in jejunum or ileum from both Nlrp6™ "% mice and Nlrp6™"
mice showed decreased GSDMD cleavage compared to those
from WT mice (Fig. 3 C and D). These explants from both
Nirp6™?* % mice and Nlrp6™ mice also produce much less
IL-18 than those from WT mice (Fig. 3E). Recalling the previous
studies in which we found a reduction in GSDMD cleavage
and a decrease in 1L-18 secretion following NLRP6 deficiency
(12), the Nlrp6R39E& W50, utant mice showed similar phenotype
with NVlrp6~/- mice in terms of the steady-state inflammasome
activation in the intestine.

Both NLRP6-Mediated Inflammasome Activation and IFN-I
Production Are Important for the Restriction of Virus Infection
in Cells. Previous study showed that NLRP6 recognizes viral
RNA together with DHX15 and recruits MAVS to regulate
the production of IFN-I and ISGs, in response to the virus
infection (10). Given that the R39E&WS50E mutation has no
effect on the binding of NLRP6 to DHX15 or MAVS (Fig. 1
G and H), we speculated that the R39E&WS50E mutation does
not impact the NLRP6-mediated IFN-I pathway, making it a
perfect tool to evaluate the potential roles of NLRP6-induced
inflammasome and IFN-I pathways during virus infection. To
test the pathological role of NLRPGREXWSOE we ygsed three
different RNA viruses, rotavirus (RV), encephalomyocarditis
virus (EMCV), and vesicular stomatitis virus (VSV), to infect
intestinal organoids or primary mouse embryonic fibroblasts
(MEFs) derived from NlrpG_/_, NlrpGFEEWS0E | or \WT mice
(Fig. 4A). Interestingly, we found that the NlrpGRﬂE&WWE
mice is able to control virus infection better than Nlrpr/f
mice when dealing with RV and EMCYV but is not as good as
WT mice when dealing with RV and VSV (Fig. 4 B-G). We
then measured the interferon and ISGs in MEFs derived from
Nlrp6_/_, Nlrp6Rng&W5oE, or WT mice inducted by three viruses.
Notably, while NLRP6 deficiency affects the IFN-I production
during early infection (Fig. 4 H-S), in most cases, R3IE&WS50E
mutation did not affect the production of IFN-f and various
ISGs during virus infection in comparison to WT MEFs (Fig. 4
H-5), however, during EMCV infection, the expression of /fnb
and Oasla were significantly higher in Nlrp6*2E&W30E MEFs
than in WT MEFs (Fig. 4 H-S), indicating the existence of
potential compensatory elevation of IFN-I pathway due to the
blockade of inflammasome pathway. Together, these data suggest
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Fig. 1. The NLRPG"**&W0F (N RP6R™) mutation interrupts the interaction between NLRP6 and ASC but does not affect the binding of NLRP6 with RNA or the
oligomerization of NLRP6. (A) Conservation of R39/W50 sites of NLRP6 in different species, aligned using Mega X. (B) Schematic diagram of the R39E&W50E
mutation of mouse NLRP6 (corresponding to the R42E&WS53E mutation in human NLRP6). (C) Immunoprecipitation (IP) and western blot analysis to evaluate
the NLRP6-ASC interaction in HEK293T cells transfected with expression vectors for various combinations (Upper lanes), followed by immunoprecipitation of
lysates with anti-HA and immunoblot analysis with anti-HA and anti-Flag. (D) Western blot analysis of crosslinked ASCs in the NP-40-insoluble pellet of HEK293T
cells transfected with different expression vectors. (F) gPCR of viral RNA bound by Flag-mNLRP6 and its mutant expressed in EMCV-infected HEK293T cells. (F)
IP and western blot analysis to evaluate NLRP6 self-association in HEK293T cells transfected with expression vectors for various combinations (Upper lanes),
followed by immunoprecipitation of lysates with anti-Flag and immunoblot analysis with anti-HA and anti-Flag. (G) IP and western blot analysis to evaluate the
NLRP6-DHX15 interaction in the lysates of HEK293T cells overexpressed Flag-mNLRP6 or its mutant. (H) IP and western blot analysis to evaluate the NLRP6-MAVS
interaction in the lysates of HEK293T cells overexpressed Flag-mNLRP6 or its mutant. Data are representative of at least three independent experiments. The
results are shown as mean + SD. **P < 0.01; ns, not significant.

that both NLRP6-mediated inflammasome pathway and the
NLRP6-mediated IFN-I pathway contribute to the antiviral
immune responses. Moreover, our findings revealed distinct
contributions of these two pathways to the antiviral defense
against different viruses.
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Both NLRP6-Mediated Inflammasome Activation and IFN-I
Production Are Important for the Restriction of Virus Infection
in Mice. To investigate the role of NLRPG"**¥>% in ani-virus
response in vivo, we infected WT, Nlrp6'/', and NZ;:p6R3 IE&WS0E
mice with the rotavirus (RV) EC strain, which belongs to the
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Fig. 2. The NLRP6" mutation suppresses the activation of NLRP6 inflammasome in cells. (4-F) show the NLRP6™" mutation suppresses NLRP6 inflammasome
activation in HEK293T cells. (A) Plasmids encoding HA-mASC, Myc-mCasp1, Flag-mGSDMD, Flag-mNLRP6, or its mutant were co-transfected into HEK293T cells
for 24 h to reconstruct the NLRP6 inflammasome, followed by immunoblotting with antibodies against the indicated proteins. (B) Propidium lodide (PI) staining
of HEK293T cells overexpressed Flag-mNLRP6 or its mutant, and other NLRP6 inflammasome components including HA-mASC, Myc-mCasp1, and Flag-mGSDMD.
(Scale bar, 50 pm.) In addition, (C) is the quantification of Pl-positive cells. (D) Representative cell images (arrowheads indicate pyroptotic cells). (Scale bar, 20
um.) (E) Pyroptotic cell death indicated by release of lactate dehydrogenase (LDH) in culture supernatants 24 h post transfected with NLRP6 or its mutant. (F)
Representative images of NLRP6-ASC puncta in HEK293 cells 24 h post infection by NLRP6 or its mutant-containing lentiviruses. (Scale bar, 20 pm.) And (G) shows
the quantification of puncta number. (H-L) show the NLRP6™" mutation suppresses NLRP6 inflammasome activation in iBMDMs. (H) Immunoblots of GSDMD,
Caspase-1, ASC, and Actin in iBMDMs transduced with lentiviruses expressing NLRP6 or its mutants. (/) P| staining of iBMDMs transduced with lentiviruses
expressing NLRP6 or its mutants. (Scale bar, 50 pm.) In addition, (K) is the quantification of Pl-positive cells. (/) Representative cell images (arrowheads indicate
pyroptotic cells). (Scale bar, 20 pm.) (L) Pyroptotic cell death indicated by release of lactate dehydrogenase (LDH) in iBMDMs culture supernatants 24 h post
transfected with NLRP6 or its mutant. Data are representative of at least three independent experiments. The results are shown as mean + SD. *P < 0.05; **P
<0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 3. The NLRP6™" mutation suppresses NLRP6 inflammasome activation in mouse intestine under steady-state. (A) Generation strategy of Nirp

6™ mutant

mice. (B) Endogenous NLRP6 oligomerization in WT and Nirp6®™ mice, assessed by SDD-AGE and IB with anti-NLRP6. WCLs were further analyzed by SDS-PAGE
and probed by immunoblotting with anti-NLRP6 and anti-Actin. (C and D) Immunoblot of GSDMD, NLRP6, and Actin. Each lane is representative of jejunum (C)
or ileum (D) tissues from an individual mouse. (£) Intestine-explant supernatant IL-18 levels determined by ELISA from WT, Nirp6™", and Nirp6®" mice. Data are
representative of at least three independent experiments. The results are shown as mean + SD. ****P < 0.0001; ns, not significant.

Reoviridae family (21) (Fig. 54). We observed that Nlrpr/f mice
developed higher viral loads (Fig. 5B), underscoring the importance
of NLRP6 in antiviral responses (10, 12). Additionally, we
detected less IL-18 release in the supernatants and less GSDMD
cleavage in the tissue of the jejunum explants of Nip6™” V0%
mice compared to those of WT mice during RV infection
(Fig. 5 Cand D), indicating impaired inflammasome activation
due to the R39E&W50E mutation. Interestingly, we observed
significantly enhanced viral replication in Nirp6™ "% mice
compared to WT mice, suggesting that inflammasome activation
plays a crucial role in antiviral responses (Fig. 5B). Notably, we
detected a reduced viral load in Nip6™PE&WS0E mice compared
to Nlp6™" mice, indicating that NLRPG™*”F*V%_mediated
IFN-I pathway still plays an antiviral role in anti-RV response
(Fig. 5 Band E-H). Taken together, these data demonstrated that
the R39E&W50E mutation specifically inhibits inflammasome
activation without affecting the IFN-I pathway, resulting in partial
retaining of antiviral responses, and dissected for the first time
the differential contribution of the inflammasome and IEN-I
pathways in NLRP6-mediated antiviral defense.

Discussion

NLRPG6 plays essential roles in defending against pathogen infec-
tions and maintaining intestinal homeostasis (3, 22, 23). In the
intestinal tract, NLRP6 is implicated in both inflammasome acti-
vation and inflammasome-independent functions, such as the IFN
pathway, NF-kB pathway, and MAPK signaling (5-11, 19). Acting
as a central regulator, NLRPG6 orchestrates multiple pathways in

PNAS 2024 Vol.121 No.6 e2321419121

complex pathological conditions (22). Our previous study revealed
that viral dsRNA induces NLRP6 LLPS, serving as a central hub
to regulate both inflammasome activation and the IFN-I pathway
(12). Despite initiating different pathways through the recruitment
of various adaptors, the relative contributions and precise mecha-
nisms of NLRP6-mediated signaling pathways remain unknown.
Our current work introduces a mouse model (N/;;D6R3 IE&WS0E,
capable of distinguishing between inflammasome-dependent and
-independent functions of NLRP6 during viral infections. The
R39/W50 residues are specifically required for the interaction
between NLRP6 and ASC, without affecting IFN-1/ISG produc-
tion (Fig. 4). This model provides valuable insights into the
nuanced roles of NLRP6 in coordinating immune responses dur-
ing viral infections.

Our understanding of the role of PRRs in recognizing and
initiating responses to RNA virus invasions has expanded rapidly
over the last decade (1, 24). To exert antiviral functions, PRRs
induce the expression of type I and type III interferons, chemok-
ines, and pro-inflammatory cytokines (24). IFNs play a crucial
role as potent antiviral agents by promoting the expression of
interferon-stimulated genes (ISGs) (25), which play an important
role in antiviral defense by impeding viral entry, replication, and
budding (26). The production of proinflammatory cytokines con-
tributes to shaping the overall immune response by recruiting
immune cells to the site of infection and activating adaptive
immunity (27). NLRP6 has been shown to play dual roles in the
intestinal antiviral response by forming inflammasome and acti-
vating DHX15-MAVS axis to mediate IFN production (10, 12).
However, the different contributions of these two pathways in
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Fig.4. Both NLRP6-mediated inflammasome activation and IFN-I production are important for the restriction of virus Infection in cells. (A) Isolation and culture

of intestinal organoids and MEFs from WT, Nlrp6™", and Nirp

6RW

mice. The morphology of the organoids on day 7 is shown. (Scale bar, 100 pm.) (B-D) Quantitative

gRT-PCR analysis of corresponding viral load in intestinal organoids 12 h after RRV (B), EMCV (C), and VSV (D) infection. (E-G) Quantitative gRT-PCR analysis of
corresponding viral load in MEFs 12 h after RRV (E), EMCV (F), and VSV (G) infection. (H-K) gRT-PCR analysis of Ifnb (H), OasTa (I), Isg15 (/), and [fit2 (K) mRNA in
MEFs that were infected with RRV for 3 h. (L-0) gRT-PCR analysis of Ifnb (L), Oas1a (M), Isg15 (N), and [fit2 (O) mRNA in MEFs that were infected with EMCV for 3 h.
(P-S) qRT-PCR analysis of Ifnb (P), Oas1a (Q), Isg15 (R), and [fit2 (S) mRNA in MEFs that were infected with VSV for 3 h. Data are representative of at least three
independent experiments. The results are shown as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

response to viral infection remained obscure. We utilized three
representative RNA viruses to infect organoids and MEFs from
N/rpG_/', NirpGrR32E&EWS0E and W'T mice. Interestingly, we found
that two pathways mediated by NLRP6 exert distinct roles in

6 of 9 https://doi.org/10.1073/pnas.2321419121

antiviral immune responses to these three viruses (Fig. 4). First,
Rotavirus (RV, a dsRNA virus) seems equally sensitive to NLRP6
inflammasome or NLRP6-induced interferon, previous studies
indeed showed that RV can induce both inflammasome and
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Fig. 5. The NLRP6™" mutation suppresses NLRP6 inflammasome but not IFN-I pathway during enterovirus infection in vivo. (A) WT, Nirp6™, and NIrp6™ mice
were orally inoculated by gavage with rotavirus and sacrificed 3 d later to collect samples for the following analysis. (B) Quantitative qRT-PCR analysis of viral
load in proximal small intestine 3 d post rotavirus infection. (C) Immunoblot of cleaved GSDMD in jejunum tissues from WT, Nirp6”", and Nirp6® mice at 3 d
post rotavirus infection. (D) Intestine-explant supernatant IL-18 levels determined by ELISA from WT, Nirp6™", and Nirp6™" mice at 3 d post rotavirus infection.
(E-H) gRT-PCR analysis of Ifnb (E), Oas1a (F), Isg15 (G) and [fit2 (H) mRNA in jejunum tissues from WT, Nlrp6’/’, and Nlr/oﬁ”W mice at 24 h post rotavirus infection. (/)
Mechanism of NIrp6"” mutant mouse model and synergistic antiviral effects of NLRP6 and NLRP9 in different segments of the intestine. Data are representative
of at least three independent experiments. The results are shown as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

interferon pathways (28, 29). Second, EMCV (a ss(+) RNA virus)
is more sensitive to NLRP6-induced interferon. EMCV was
shown to induce robust IENb production both at the cellular level
(29) and in vivo (10). Third, VSV (a ss(-) RNA virus) is more
sensitive to NLRP6 inflammasome. The insensitivity of VSV to
the IFN-I pathway may be attributed to the inhibition of the
interferon response by VSV protein (29). The diverse downstream
responses of NLRP6 triggered by different viruses may stem from
the specific types of nucleic acids recognized directly or indirectly

PNAS 2024 Vol.121 No.6 e2321419121

by NLRPG6, leading to variations in the recruitment of downstream
proteins. In addition, different RNA viruses may show distinct
responsiveness to NLRP6-medidated pathways.

A previous study showed that mice with deficiency of compo-
nents of the NLRP9 inflammasome, such as NLRP9b, ASC,
CASP1, and GSDMD, exhibited susceptibility to rotaviral infec-
tion (28), suggesting that NLRP9Db is also an important sensor for
detecting rotavirus in the intestine (28). Notably, both NLRP9
and NLRPG6 exert interesting expression pattern along the small

https://doi.org/10.1073/pnas.2321419121
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intestine—NLRP6 is high in proximal small intestine, while
NLRP9Db is high in distal small intestine (12). Considering that
rotavirus infect proximal small intestine in the early time point
and infect distal small intestine in late time point (30), NLRP6
and NLRP9b may cooperate in a space-time manner to defend
against rotavirus. Moreover, since EMCV predominantly infects
the proximal small intestine, the infection site aligns closely
with the expression pattern of NLRP6 (10). Our work, in
conjunction with prior studies, emphasizes the importance of
NLRP6 inflammasome-independent functions in defending
against EMCV infection. This is notably apparent in the intestine,
the primary site of viral infection, where NLRs coordinate among
each other with distinct expression patterns and downstream
signals (31), creating a sophisticated defense system (Fig. 57).
Investigating whether these NLRs collaborate in defending against
other microbes in the gut or contribute to additional physiological
functions of the intestine is warranted.

In addition to the role of resisting enteroviruses, NLRP6 has
also been shown to involve in the defense against hepatitis viruses
within the liver (12). The rapid production of interferons (IFNs)
and pro-inflammatory cytokines is a significant outcome of virus
detection by NLRP6. Interferons play a crucial role in limiting
viral replication, while inflammatory cytokines produced through
inflammasome activation recruit immune cells to restrict infection
but also contribute to tissue damage. Overall, our work offers a
potential tool to distinguish the two pathways activated by viral
infections, which may ultimately help control viral infections
while minimizing the tissue damage.

Materials and Methods

Mice. The generation of Nlrp6™™ "% mutant mice was achieved through
CRISPR-Cas9 editing (32). Two selected gRNAs were ccacaagctagaggatgege
and ggggcgactggagcegcte. The corresponding donor sequences were gcttatggc-
tacactggaggagctgagecaggageagcetgaagegcttecgccacaagctagaggatgegceccctggat-
ggcegcageatcccggaggggegactggagegctcagacgctgtggaccttgtegacaagcteattgagtt.

Al mice were on the C57BL/6 background. Cohoused littermate mice were uti-
lized as controls in the present study, and mice (aged 6 to 8 wk) were maintained
on astrict 12-h light cycle under specific pathogen-free (SPF) conditions. All ani-
mal experiments were conducted following approval from the Ethics Committee
of the University of Science and Technology of China.

Cell Culture. Immortalized BMDM, mouse embryonic fibroblasts (MEFs),
HEK293T, and HEK293 cells were cultured in DMEM (HyClone) supplemented
with 10% FBS (Viva Cell), penicillin (100 U/mL; Viva Cell), and streptomycin (100
mg/mL; Viva Cell). All cells were incubated at 37 °Cin an atmosphere containing
5% CO,.

Reagents and Antibodies. Primary antibodies were mouse anti-FLAG (F1804;
Sigma-Aldrich), mouse anti-HA(M20003; Abmart), mouse anti-Actin (66009-1-
lg; ProteinTech), goat anti-NLRP6 (sc-50635, Santa Cruz Biotechnology), anti-ASC
(67824; Cell Signaling Technology), anti-GSDMD (209845; Abcam), and mouse
anti-Capase-1 (AG-20B-0042; Adipogen). The Mouse IL-18 enzyme-linked
immunosorbent assay (ELISA) kit (Invivogen, 88-50618-88) and the CyQUANT™
LDH Cytotoxicity kit (ThermoFisher, C20300) were utilized for the experiments.

Isolation of Intestinal Organoids and MEFs. For isolation of intestinal orga-
noids, small intestines were meticulously dissected, thoroughly rinsed with cold
PBS, and then delicately opened longitudinally. Subsequently, they were incu-
bated on ice in PBS containing EDTA (10 mM) for a duration of 30 to 45 min at4
°Cwith gentle rotation. Subsequently, tissues were transferred to PBS.To separate
crypts from connective tissue, a meticulous approach involving shaking or scrap-
ing was employed. The resulting mixture was then filtered through a 70-mm
mesh into a 50-mL conical tube, ensuring the elimination of villus material and
tissue fragments. The quantified isolated crypts were then embedded in 25 to 30
plLdroplets of Matrigel™ (0.5x ) ata concentration of 5 to 10 crypts per ml. These
droplets were carefully plated onto a flat-bottom 48-well plate (Corning 3548)
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and allowed to solidify for 20 to 30 min in a 37 °Cincubator. Following solidifi-
cation, 300 pL of crypt culture medium were overlaid onto the Matrigel™, with
regular changes every 3 d. The culture was meticulously maintained at 37 °Ciin
fully humidified chambers containing 5% CO,.

Forisolation of MEFs, pregnant mice at 12.5to 14.5 d of gestation are killed,
and the uterus is exposed. The uterus is washed with PBS, and embryos with
intact fetal membranes are collected. The fetal membranes are removed, and the
embryos are washed with PBS.The head, internal organs, and limbs are removed
from the embryos, and the remaining trunk is washed with PBS.The trunk is then
cutinto small fragments and digested with trypsin. After centrifugation, the pellet
is resuspended in a culture medium and transferred to 10-cm dishes. The cells
are cultured at 37 °C with 5% CO,.

Cell Transfection. For transient transfection, mouse Nlrpé (NCBI accession #:
NM_133946.2,NP_598707), human Nlrp6 (NCBI accession #: NM_001276700,
NP_001263629.1), mouse Asc(NCBI accession #: NM_023258.4,NP_075747.3),
mouse Gsdmd (NCBI accession #: NM_026960, NP_081236), and mouse
Caspase-T (NCBI accession #: NM_009807.2, NP_033937) were cloned into
the pcDNA vector and transfected using PEI (23966-1; Polysciences).

For stable transfection, the genes encoding mouse Nirp6 and mouse Asc were
inserted into the pLVX vector. The pLVX plasmids were efficiently co-transfected
with A8.9 and vsvg viral packaging plasmids using PEI (23966-1; Polysciences).
The subsequentviral particles were successfully generated in HEK293T cells. Then,
HEK293 cells were strategically plated 12 h before the intended transductionin a
12-well plate, reaching a density of 2 x 10°/mL. Over a 24-h period, viral media
containing polybrene (1:1,000) were meticulously added to the cells. After this
transduction period, the cells were expanded further in normal media, either for
subsequentimaging procedures or for general propagation.

Immunoprecipitation and RNA-Binding Assays. After transfection, the 293
T cells were collected at 24 h using lysis buffer (containing 50 mM Tris-HCI, pH
7.4, 1% NP-40, 5% Glycerol, T mM EDTA, and 150 mM NaCl) supplemented
with PMSF and complete protease inhibitors (Roche). The lysates were clarified
by centrifugation (12,000 rpm), and the supernatants were incubated with M2
agarose beads (Sigma-Aldrich, A2220) for 4 h. Following six washes with the lysis
buffer, the proteins bound to the M2 beads were released by 3x FLAG peptides
(Sigma-Aldrich, F4799). In experiments involving protein-RNA interactions,
293 T cells were transfected with plasmid DNA and subsequently exposed to
Encephalomyocarditis virus (EMCV) for an additional 24 h. FLAG-IP was per-
formed on the cellular lysates, and the resulting 3x FLAG eluates were used
for RNA extraction with Trizol (Tiangen, DP424). The isolated RNA was reverse-
transcribed, and the expression levels of the EMCV D3 genes were quantified
using SYBRGreen PCR (TAKARA, RR820A).

ASC Oligomerization Assay. At 24 h post-transfection, the 293 T cells were gen-
tly washed with ice-cold PBS and subsequently lysed in NP-40 at 4 °Cfor a dura-
tion of 30 min. After centrifugation at 12,000 rpm for 10 min at 4 °C, the resulting
pellets underwent two washes with 1 mLof ice-cold PBS and then resuspended in
500 pl of PBS containing 2 mM disuccinimidyl suberate (ThermoFisher, 21655)
for crosslinking at room temperature for half an hour. Subsequent to this treat-
ment, the samples underwent centrifugation at 12,000 rpm for 10 min at 4 °C.
The crosslinked pellets were then mixed in 40 pLof loading buffer and subjected
to analysis viaimmunoblotting.

PI Staining. 293 T and iBMDM were grown on a 12-well plate to T x 10°/mL.
A 10 pg/mL working solution of Pl in PBS was prepared. Live 293 T cells trans-
fected with corresponding expression vectors were washed with PBS and incu-
bated with the Pl solution for 10 to 30 min at room temperature. Images were
captured using an LSM880 confocal microscope.

ASC Speck Imaging. For ASC speck imaging, HEK293 cells stably coexpressing
mouse ASC-mCherry and mouse NLRP6-GFP or its mutant were transfected. After
24 h of transfection, cells were treated with DAPI and imaged using a LSM880
laser scanning microscope with 20x objective.

Virus Infections. [n virus infection experiments involving intestinal organoids
and MEFs, RRV activation was achieved by treating it with trypsin (5 pg/mL) at
37°Cfor 30 min before the actual infection process. Following this, the cells under-
went thorough washing with ice-cold PBS three times and were subsequently
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incubated with RRV, EMCV, or VSV at appropriate MOls at 37 °Cfor 1 h. In the case
of organoids, it was imperative to perform digestion and remove the Matrigel™
before initiating the infection. Once the RV inoculum was removed, cells were
washed with PBS, cultured in serum-free medium (SFM), and then harvested for
subsequent analysis using qPCR and western blot at the specified time points.

For rotavirus infection in vivo, mice (6 wk) were infected (i.g.) with 150% diar-
rhea dose (DD50) of EC virus in 200 pL sterile PBS (33). Mice were sacrificed, and
small intestinal tissues were collected at indicated time points. Viral loads and
ISG expression in intestinal tissues were detected by RT-qPCR.

Quantitative PCR. Total RNAwas extracted from small intestine tissue, intestinal
organoids, or MEFs using TRIzol reagent (Tiangen, DP424) and purified in accord-
ance with the manufacturer's instructions. Subsequently, gPCR (SYBR premix
EXTaq, Vazyme) was carried out using the CFX384 Real-Time System (Bio-Rad,
786BR04483) (34). The primer sequences for mRNA transcript detection are
provided below:

RT-RV-F: GAGAATGITCAAGACGTACTCCA

RT-RV-R: CTGTCATGGTGGTTTCAATTTC

RT-RRV NSP2-F: GAGAATCATCAGGACGTGCTT

RT-RRV NSP2-R: CGGTGGCAGTTGTTTCAAT

RT-EMCV-F: CCTCTTAATTCGACGCTTGAA

RT-EMCV-R: GGCAAGCATAGTGATCGAAG

RT-VSV-F: AGGGCACAGGGTTCAGAAGTAA

RT-VSV-R: GGAATCTGGCTGCAGCAAAG

RT-Gapdh-F: TGAGGCCGGTGCTGAGTATGTCG

RT-Gapdh-R: CCACAGICTTCTGGGTGGCAGTG

RT-Ifit2-F: AGTACAACGAGTAAGGAGTCACT

RT- Ifit2-R: AGGCCAGTATGITGCACATGG

RT- Ifnb1-F: TCCTGCTGTGCTTCTCCACCACA

RT-Ifnb1-R: AAGTCCGCCCTGTAGGTGAGGTT

RT-Isg15-F:GGTGTCCGTGACTAACTCCAT

RT- 1sg15-R: TGGAAAGGGTAAGACCGTCCT

RT-Oas1a-F: GCCTGATCCCAGAATCTATGC

RT- Oasla -R: GAGCAACTCTAGGGCGTACTG
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The data obtained were analyzed using the Sequence Detection Software,
following the ACt method as previously described (12).To normalize the data, the
values were compared to the corresponding Gapdh values quantified in parallel
amplification reactions.

Statistical Analysis. The animal experiments in current study were conducted
based on our previous experience (35) and the sample size was determined
accordingly. We included all animal results without using any randomization
method. The bar graph data were presented as mean = SD. Statistical analyses
were performed using standard two-tailed unpaired Student's ¢ test with
GraphPad Prism 8.0.1. For comparing two nonparametric datasets, we employed
a Mann-Whitney U test. We considered P values < 0.05 as significant. The fig-
ure legends offer essential insights, detailing sample sizes, specifying biological
replicates, outlining statistical tests, and summarizing main outcomes, ensuring
clarity and comprehension of experimental results.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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